We study the effect of wall-fluid interactions on the state conditions and the effective properties of a model dodecane fluid confined between parallel solid walls. A significant increase in the effective density of the confined fluid is observed with increasing strength of the wall-fluid interaction. The effect of the wall-fluid interaction on the rotational relaxation and diffusional relaxation of the fluid is seen in the significant slowing down of the relaxation with increasing wall-fluid interaction strength. The difference between the confined fluid and the three-dimensional bulk fluid is demonstrated by the strong anisotropy of the dynamical properties, the molecular rotation, and self-diffusion. The viscosity of the confined fluid shows a large difference between weak and strong wall-fluid interactions, and a significant difference from bulk fluid at low shear rate.
INTRODUCTION
The system of fluid confined between parallel solid surfaces separated by nanometers has attracted increasing research interest because of its importance in many technological applications as well as its fundamental scientific interest.
1,2 In magnetic hard disks, for example, a lubricant is applied to the disk surface to protect the disk from being damaged during operation.
1, 3 The reading and writing of the magnetic disk are performed at increasingly high speed, and a very narrow spacing is demanded for large storage. The high speed relative motion between the magnetic head and the disk can induce high shear rate shear flow for the fluid in the confined space between the slider head and the magnetic disk. Many other applications exist where the situation of boundary lubrication is encountered, in which the spacing between the confining solid surfaces reaches nanometer scale.
When fluid is narrowly confined within spacing comparable to the molecular dimension, its behavior can be very different from that of the corresponding bulk. Many experimental investigations have been carried out using the surface force apparatus ͑SFA͒. [4] [5] [6] [7] [8] [9] [10] [11] [12] SFA experiments have found that when some fluids with molecules of globular shape are confined between molecularly smooth mica surfaces, the fluid develops solid-like behavior [4] [5] [6] [7] [8] [9] [10] [11] [12] ͑for example, octamethylcyclotetrasiloxane and cyclohexane͒. This is manifested by the appearance of a yield stress when the confined system is subjected to shear. 4, 5, [9] [10] [11] SFA experiments also showed that for some organic molecules, alkanes, for example, the zeroshear rate effective viscosity of the fluid confined between the mica surfaces can be as much as 6-7 orders of magnitude larger than the bulk value, and the relaxation time can be 9-10 orders of magnitude longer than for the bulk fluid. [4] [5] [6] [7] [8] Shear-thinning behavior was observed, with ϳ␥ Ϫ␣ where ␥ is the strain rate, although there is still debate as to whether the exponent of the power law describing the shear-thinning behavior is ␣ϭ2/3 or 1. 9, 10 Theoretical study of the system has mostly been based on molecular simulation, [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] except a few studies involving phenomenological analyses, 27, 28 or integral equation 29 or mean-field theory. 30, 31 For a simple Lennard-Jones system, yield stress has been observed for commensurate confining surfaces. 13 Stick-slip phenomena was also seen for the Lennard-Jones ͑LJ͒ system with similar LJ solid walls. 17 For confined chain fluid systems, a yield stress has not been observed so far in simulation, although layered structure in the atomic distribution has been seen. It should be pointed out that the mica surface is a strong adsorbing surface and this has been recognized in a number of publications. 16, 19, 20 The effect of strong wall-fluid interaction on the degree of slip at the boundary has been discussed. However, the effects of the surface on the thermodynamic state condition and some of the dynamical properties of the fluid have not been examined in detail, and the effects on rheological properties are still not well understood. The lack of studies of the effect on the thermodynamic state condition is partly due to the complexity of the system and partly due to the difficulty of treating accurately long range interactions in the narrowly confined system. For the rheological properties, the difficulty is in the long simulation time required to obtain an accurate velocity profile at low wall velocity relative to the fluid.
Most molecular simulation studies have been concerned with the equilibrium structure of the system. Shear flow simulations have been mostly at relatively high shear rate and observed shear-thinning phenomena and slip between the solid wall and the confined fluid. In the work reported here, we carry out a more extensive study of the dynamical properties for a model alkane ͑dodecane͒ fluid confined between model solid walls. Dodecane is the system studied in the experimental work of Granick and co-workers. 7, 8 The model we use for the dodecane has been extensively studied previously. The model for the solid is a simple atomic Lennard-Jones model with the parameters for the wall atoms chosen to produce reasonable surface energy in comparison with experiment. We study the relaxation processes of the confined fluid and determine the relaxation times. Shear flow simulations are carried out for a number of wall-fluid interactions to demonstrate the effect of the wall-fluid interaction on the rheological properties. Comparisons are also made with the bulk fluid and we elucidate the essential differences between the bulk fluid and the confined fluid.
THE MODEL
The fluid model we used is that developed by Siepmann et al. 32, 33 ͑SKS model͒. The bulk alkane fluids for this potential model have been extensively studied, [34] [35] [36] [37] [38] [39] [40] [41] and the vapor-liquid equilibria and rheological properties of the alkanes described by this system are well known. [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] For the solid walls, we used an atomic solid described by the Lennard-Jones potential. The size parameter of the LennardJones potential for the solid atoms was chosen to be 3.5 Å and the energy parameter of the potential was chosen with three different values, } w ϭ} CH2 , corresponding to weak wall-fluid interaction; and } w ϭ10} CH2 and } w ϭ20} CH2 , corresponding to strong wall-fluid interactions. The last two choices correspond roughly to the lower and upper limit of the adsorption energy of the mica surface in the experiment. 8 This can be estimated 42 to be about ϳ220 mJ/m 2 for } w ϭ10} CH2 and ϳ440 mJ/m 2 for } w ϭ20} CH2 . The experimental surface energy for mica is in the range of 200-400 mJ/m 2 . 8 The size parameter of the wall atoms is close to the size of the oxygen and potassium atoms in the actual mica surfaces. With this model and parameter set, the main characteristic of the mica surface, i.e., the strong adsorption, has thus been represented. It is not our objective here, however, to seek a realistic molecular potential that accurately describes the mica surface. Instead, we wish to explore in detail the effects of representative wall-fluid interactions. For the wall-fluid interaction, we have used the simple LorentzBerthelot combining rules, i.e., } w f ϭ(} w } f ) 1/2 , and w f ϭ( w ϩ f )/2, where the subscript f represents a CH 3 or a CH 2 group of the united atom model of the fluid dodecane molecule. This gives for } w ϭ1, 10, 20} CH2 , } w f ϭ1, 3.16, 4.47} CH2 , respectively. For brevity of notation, we will use ϭ f ϭ3.93 Å to represent the length parameter of the fluid throughout this paper.
THE METHOD
In all the simulations reported here, we have used 128 dodecane molecules for the confined fluid. The number of wall atoms was determined according to the surface dimension, which is in turn determined by the fluid density and the width of the spacing between the two walls. The simulations were carried out using a reversible multiple time step method 34, 43 for the dodecane molecules. The centers-of-mass of the dodecane molecules were initially placed on lattice points between the solid walls. The initial size of each united atom was zero and was grown to full size in 20 000 time steps. The configuration was then equilibrated before property calculations and viscosity calculations under shear flow. The walls were modeled using three layers of atoms. The wall surfaces are the ͑100͒ surface of a face-centered cubic ͑fcc͒ lattice. The Lennard-Jones model we employed for the wall atoms gives an equilibrium lattice constant of about 5.435 Å for a fcc crystal. In practice, to we have used lattice constants close to 5.435 Å which are consistent with the period boundary condition. Besides a Lennard-Jones potential, the wall atoms are also subjected to a harmonic spring potential so that they can only vibrate around the lattice point. The spring constant we used was Kϭ1000} CH2 . The main effect of the stiffness of the spring constant is on the transfer rate of kinetic energy between the fluid and the solid wall, i.e., the rate of the heat conduction from the fluid to the solid walls. 44 The use of the actual atomic walls serves as the confining solid surfaces as well as a thermostat. In the simulation, we thermostatted the walls only, the heat being dissipated through conduction to the walls, as it is in an experiment. Periodic boundary conditions were used for the two directions parallel to the walls. There is no periodic boundary condition in the direction perpendicular walls. All simulations were carried out at a wall temperature of 300 K.
For the simulations with shear flow, the two solid walls were moved with constant velocity V in opposite directions ͑x-direction͒. The shear flow of the fluid was induced by the interaction between the walls and the fluid. A velocity profile was established with a gradient in the y-direction ͑the direction perpendicular to the walls͒.
The pressure tensor was calculated using the method of planes developed by Evans and co-workers. 44 As has been shown in the original reference, for the particular case of confined system studied here, the method is exact, while the commonly used Irving-Kirkwood method 45 is only a firstorder approximation of an infinite series expansion. When dealing with the calculation of the pressure tensor for a confined fluid, there is always the question of the contribution of the long range force to the pressure, especially when the wall-fluid interaction is strong. Since the system is anisotropic, the conventional long range correction cannot be used. Here, for the normal pressure, we have chosen to use a formula by Steele. 46 Thus, the correction to normal stress for solid beyond three layers is given by,
where s ϭq/a s , q is the total number of atoms per unit lattice cell in a plane, a s is the area of the unit lattice cell, and y is the distance of the lattice plane from the atom of the fluid molecule. Steele commented in the original work 46 that for layers away from the surface, this expression is reasonably accurate.
In all the dynamical property calculations reported in this work, a cut-off distance of 2.5 has been applied to the wall-fluid and fluid-fluid interactions, unless explicitly stated otherwise. This may produce a small error in the equation of state for the equilibrium system but should not affect the qualitative behavior for the dynamic properties since the structure is essentially determined by the repulsive interaction. In some equilibrium calculations, we also used a cut-off distance of 5.0 for wall-fluid interaction and a 2.5 for fluid-fluid interaction as will be seen below in the results presented in Table I . We also calculated the equation of state for the systems using a cut-off distance of 5.0 for both the wall-fluid and fluid-fluid interaction to more accurately take into account the long range interaction. The contribution to the pressure tensor from long range interaction beyond 5 should be very small. Based on the long range correction for a homogeneous system, 47 using typical wall atom and fluid molecule density, this correction would be about Ϫ15 MPa ͑Ϫ1.4 reduced units͒. Since the pressure for dense liquid is strongly dependent on the density, the effect of inclusion of the long range force beyond 5.0 is to slightly increase the confined fluid density. In the next section, we present some detailed results on the equation of state and the equilibrium structure for the systems studied.
THE STRUCTURE AND EQUATION OF STATE FOR THE CONFINED FLUID
The structure of alkanes confined between two parallel surfaces has previously been studied extensively. However, the influence of the wall-fluid interaction strength on the structure has not been analyzed in detail. We have studied the effect of wall-fluid interaction on the state condition and the structure of the confined fluid. In Table I we show the calculated pressure in the directions normal and parallel to the walls, and its variation with the wall-fluid interaction strength for the confined dodecane fluid. The calculations were performed at constant volume. Typical calculation runs are about 2-5 ns. Also shown is the variation of density when the wall-spacing is reduced to a width corresponding to four molecular layers of fluid. An effective density is determined for each wall-fluid interaction strength and wall spacing. The effective volume of the confined fluid was determined as follows. First, the thickness of solid wall ͑on each side of the fluid͒ was determined. This was done using the position of the atoms in the solid walls, and adding 0.5 w f to the thickness of each solid wall to take into account the excluded volume effect. Then, the width of the fluid was determined by subtracting the solid thickness from the total simulation cell width. Once the width of the fluid is known, the volume can be easily determined. The wall-spacings listed in Table I correspond to integer numbers of layers between the confining walls resulting in equally-spaced density peaks in the confined fluid. Increase or decrease of the wall spacing leads to noninteger number of layers between the confining walls and results in peaks in the fluid which are not equallyspaced and corresponds to an unstable state. We have chosen the wall-spacing corresponding to an integer number of layers, and the equation of state was calculated for these systems. The results listed in Table I are for two different cutoff distances R c ϭ2.5 and 5.0 for the fluid-fluid interactions, as described in the previous section. For wall-fluid interactions, both calculations used a cut-off distance of 5.0. Table I shows results at conditions close to ambient pressure in the directions normal and parallel to the walls ͑Note that one reduced unit pressureϭ10.69 MPa, so the pressure values are not large͒. Although the pressure values as shown in Table I are not exactly one atmosphere, the effective densities shown in Table I are reasonably accurate because the pressure is very sensitive to the variation of the density. It is seen from the table that for confined fluid of six molecular layers, the effective density of the confined fluid for strong wall-fluid interaction is significantly higher by about 9%-14% than that of the weak interaction ͑R c ϭ5.0 case͒. The effective density for strong wall-fluid interaction can be higher than the bulk density at ambient condition by ϳ7%. The dependence of the effective density of the confined fluid on the wall-fluid interaction can be qualitatively understood as follows. Since the geometry is already determined by the wall surface, the energy parameter of the wallfluid interaction determines the magnitude of an attractive contribution to the pressure, which is negative at large distance, leading to a reduction in pressure. Thus, for larger wall-fluid interaction parameter, the effective density of the confined fluid also increases to compensate for the reduction in pressure. Table I also shows that as the wall-spacing decreases from six fluid layers to four fluid layers, the effective density can increase significantly to about 0.828 g/cm 3 , which is about 11% larger than the experimental bulk density at ambient condition. This can have a direct effect on the relaxation of the stress in the fluid.
The structure of the fluid in the direction normal to the wall surfaces is shown in Fig. 1 for wall-fluid interaction energy parameter } w f ϭ} CH2 and } w f ϭ4.47} CH2 (} w ϭ20} CH2 ). The figure shows that for strong wall-fluid interaction, the layered structure of the confined fluid is significantly enhanced. The peaks for strong wall-fluid interaction can be several times higher than that of the weak interaction at the center of the confined fluid. For the weak wall-fluid interaction case, the oscillatory behavior at the center of the confined fluid is very weak. While for the strong wall-fluid interaction, the oscillation is strong even at the center of the confined fluid. This indicates that the spatial position of the molecules in the confined fluid is strongly correlated. This strong correlation can have a significant effect on the dynamical properties and stress relaxation of the fluid.
THE ROTATIONAL AND DIFFUSIONAL RELAXATION OF MOLECULES: BULK DODECANE FLUID
Rotational and translational diffusion of the molecules of a fluid play an important role in the stress relaxation of a bulk fluid. Although this has been studied before, results for dodecane using the SKS model are not available in the literature. For purpose of comparison with confined fluid results, we present our calculation for dodecane bulk fluid at ambient conditions. Figure 2͑a͒ shows the rotational relaxation of the dodecane fluid at density ϭ0.744 g/cm 3 . Figure  2͑b͒ shows the mean-squared displacement. The simple exponential form of the rotational relaxation allows us to derive a rotational relaxation time R ϭ92 ps. When shear rate exceeds the inverse of this value, shear induced orientational order would occur and the viscosity exhibits the related shear-thinning behavior. 37, 40 The diffusion time is usually defined as the time taken for a molecule to travel a characteristic distance. For a homogeneous isotropic bulk fluid, the most obvious characteristic distance is the molecular size defined by the average end-to-end distance, which we take to be the root-mean-squared end-to-end distance, ͗R ee 2 ͘ 2 . We can use this to derive a diffusion time of D ϭ170 ps, as shown in Fig. 2͑b͒ by the arrow. When shear rate exceeds the inverse of this diffusion time, shear induced translational order may occur and hence we should expect shear-thinning behavior in viscosity. Figure 3 shows the viscosity vs shear rate for the same bulk fluid. The error bars are equal or smaller than the symbols in the figure. Relatively long simulations were performed to obtain the viscosity, especially at low shear rate. The viscosity at the two lowest shear rates represents the average from three and two independent runs of 10.6 ns each, respectively, for the two shear rates. The error bar represents the difference of the results of individual runs from the average. Since the diffusion time is longer than the rotational relaxation time, its inverse corresponds to a slightly lower shear rate. We have used the inverse of the diffusion time to indicate the transition from the Newtonian to the shear-thinning regime; this is indicated by an arrow in Fig. 3 . It is seen that the diffusion time is an accurate prediction for the transition from the Newtonian to the shear-thinning behavior of the viscosity. For the convenience of comparison, we have summarized in Table II the bulk fluid results and the corresponding confined fluid results, which will be discussed in later sections.
THE ROTATIONAL AND DIFFUSIONAL RELAXATION OF MOLECULES IN CONFINED FLUID: WEAK WALL-FLUID INTERACTION
The dynamical properties of the confined fluid are very different from those of the bulk due to the confinement in one of the directions. In this section we present the results of simulation for ambient conditions with the effective density eff ϭ0.655 g/cm 3 . Figure 4 shows the rotational relaxation of the unit vector along the end-to-end distance of the dodecane molecules. It is evident that the rotational relaxation exhibits a qualitatively similar behavior as for the bulk fluid, i.e., the relaxation can be reasonably well described by a single exponential. By fitting the relaxation functions to an exponential, we can derive the relaxation times. For all the three components, we obtain the relaxation time P ϳ74 ps. Note also that the x and z components of the unit end-to-end vector have larger initial values; this is because the molecules tend to be inclined to the wall surface due to the confinement. For an isotropic fluid, all the components are the same and equal to 1/3, and the ratio of any two component is 1, corresponding to an average alignment angle to the x-axis of 45°. For an anisotropic fluid as shown in Fig. 4 , we can use the ratio of the x-and y-components, to characterize the alignment of molecules to the x-axis. These are the components in the shear plane and are most responsible for the shear-thinning related to angular alignment. Using the zero time value of the rotational relaxation function, we obtain, ͗u y 2 ͘/͗u x 2 ͘ϭ0.28/0.36ϭ0.778 corresponding to an average alignment angle of ϳ38°. The mean-squared displacements ͑MSD͒ of the molecules in the three directions, defined as ͗(r ␣ (t)Ϫr ␣ (0)) 2 ͘, where ␣ϭx,y,z, are plotted in Fig. 5 . A striking difference is seen for the MSD in the direction perpendicular to the walls from that parallel to the walls. The diffusion in the direction normal to the wall is substantially slower than in the direction parallel to the walls. Intuitively, we might think that there is no diffusion at all in the y-direction ͑solid-like behavior͒. The results demonstrate that diffusion exists between layers in the confined fluid although with a much slower rate than in the other two directions. Later, we will show that the diffusion in the normal direction is strongly dependent on the state condition of the confined fluid. For the two directions parallel to the walls, we use the molecular dimension as the characteristic length to determine the diffu- sion time. The squared end-to-end distance component in the x and z directions calculated from the simulation are
2 , where ␣ϭx,z. From these values and Fig. 5͑a͒ for the mean-squared displacement, we determine that the diffusion time in the direction parallel to the walls is D ʈ Ϸ100 ps. In the direction normal to the wall surfaces, Fig. 5͑b͒ shows that the diffusion is saturated at about a time of 1.5 ns at a MSD 5.5 2 , the square-root of which, 2.35, is roughly the average distance that the centerof-mass of a fluid molecule can access within the confinement. Note that this is slightly smaller than half of the wall spacing, possibly due to an average inclination angle of the molecules with the wall such that on the average the centerof-mass cannot access the whole distance. Note also that since a molecule can diffuse in either positive or negative directions, on the average, for molecules near the wall or near the center, the rough average distance that a molecule can travel is half of the wall-spacing. Using this distance as a characteristic distance, we obtain a corresponding relaxation time for diffusion in the normal direction, D Ќ ϭ1.5 ns. This diffusion time is more than an order of magnitude longer than all other relaxation times in this system. This slow diffusion may have a significant effect on the transition from Newtonian viscous behavior to the shear-thinning viscous behavior.
THE ROTATIONAL AND DIFFUSIONAL RELAXATION OF MOLECULES IN CONFINED FLUID: STRONG WALL-FLUID INTERACTION
Similar to the confined fluid for weak wall-fluid interaction, the rotational and diffusional relaxations for strong wall-fluid interaction are also anisotropic. However, because of the strong wall-fluid interaction and its effect on the state conditions of the fluid, the anisotropy is much stronger and the effect of confinement is much more pronounced. In this section, we present the results of simulation at ambient conditions with the corresponding effective density eff ϭ0.765 g/cm 3 . We show in Figs. 6-9 the rotational relaxation and the mean-squared displacement of the center-ofmass of the molecules for the case } w ϭ20} CH2 . Figure 6 shows the relaxation of the x and z components of the unit end-to-end vector. The relaxation is initially fast and becomes slower at longer time. It is impossible to fit the curves with a simple exponential. We fit the curves with a stretched exponential,
␤ , where C ␣ is the value of the function at time tϭ0, and R,␣ is the rotational relaxation time of the ␣-component of the unit end-to-end vector of the molecules. In Fig. 6 we obtained R,x ϭ R,z ϭ700 ps and ␤ϭ0.7 in fitting to the simulation results for both the x-and z-components. The stretched exponential has been commonly used in the study of glassy systems, 48 in which this functional form of relaxation has been attributed to the presence of multiple relaxation times. For the confined system encountered here, it is possible that the molecules at the wall-fluid boundary and the center of the fluid may rotate at different rate, resulting in multiple relaxation times. Figure 7 shows the relaxation of the y-component of the unit end-toend vector. The curve can be fitted with a simple exponential and we can derive a relaxation time of R,y ϭ158 ps. From tϭ0 values of the rotational relaxation curves, we obtain the ratio ͗u y 2 (0)͘/͗u x 2 (0)͘Ϸ0.13/0.44Ϸ0.30, which yields an alignment angle of 16°. Figures 8 and 9 show the diffusion of the molecules in the three directions. The difference between the diffusion in the direction parallel to the walls and the direction normal to the walls is dramatic. For all three directions, the diffusion is much slower than for the weak wall-fluid interaction case. Using the molecular dimension for the x and z direction, we obtain the diffusional relaxation times of D,x Ϸ488 ps and D,z Ϸ550 ps. Another feature is that while the mean-square displacement increases linearly with time in the directions parallel to the walls, the meansquared displacement increases with time with a rate slower than a linear relationship in the direction normal to the walls. This may again be an indication that the molecules close to the wall-fluid boundary may have a slower diffusion rate. We fitted the MSD curve with a power law function and obtained a value of 0.70 for the exponent of the power law function. Using this power law relationship and a meansquare displacement limit of 5.5 2 as in the weak adsorption case, we obtain a relaxation time of 7.1 ns. This relaxation time is again significantly longer than any other relaxation time. It is also significantly longer than the bulk relaxation time of the dodecane fluid under ambient conditions. These results suggest how the relaxation time for the confined fluid can be significantly increased in experimental situation compared to the bulk fluid.
VISCOSITY VS. SHEAR RATE
The viscosity vs. shear rate results for the bulk fluid, confined fluid with weak wall-fluid interaction ( eff ϭ0.655 g/cm 3 ), and confined fluid with strong wall-fluid interaction ( eff ϭ0.765 g/cm 3 ) are shown in Fig. 10 . The viscosity was calculated with the actual shear rate derived from the velocity profile within the fluid. We can see from the figure that the strength of the attractive wall-fluid interaction has a significant effect on the viscosity of the fluid. The viscosity value of the shear-thinning regime for the case of the strong wall-fluid interaction is significantly larger than that of the weak wall-fluid interaction. The Newtonian viscosity can be much larger for the strong wall-fluid interaction because of the significantly longer relaxation time. For weak wall-fluid interaction, we could not calculate the viscosity for very low shear rate, because the large slip at the wall-fluid boundary makes it difficulty to establish a stable shear flow. The viscosity is also compared between the bulk fluid and the confined fluid. In the figure, the bulk viscosity is the result shown in Fig. 3 . It is seen that although the viscosity is similar for the bulk fluid and for the confined fluid at high shear rate, they start to differ at low shear rate. We note that the simulation results at low shear rate for the confined fluids were obtained from very long simulations. For the lowest shear rate point in Fig. 10 , the viscosity was obtained from an average of two independent runs of each about 22.8 ns. For the second-lowest shear rate point, the viscosity was obtained from an average of two independent runs of each about 16 ns. Typical simulation run lengths for the intermediate shear rate range from 9.4 to 14.2 ns. For the strong wall-fluid interaction case, the predicted shear rate for transition from Newtonian to shear-thinning regime is an order-of-magnitude smaller than the lowest shear rate reached in this simulation, as indicated by the solid arrow in Fig. 10 . To reach such low shear rate in viscosity calculation by nonequilibrium molecular dynamics simulation is prohibitively expensive in computational time with current computation capability.
CONCLUSIONS
We have shown that the state condition of a confined fluid can be significantly affected by the wall-fluid interaction. Especially for the case of strong wall-fluid interaction, the effective density of a confined fluid can be more than 7% larger that the bulk density of the fluid at similar condition. This indirectly affects the relaxation rate of the confined fluid. For strong wall-fluid interaction, the relaxation can be orders-of-magnitude slower than for weak wall-fluid interaction. Confinement of the fluid causes the density to distribute in a layered structure. The amplitude of the oscillatory density structure for strong wall-fluid interaction case is several times larger than for the weak wall-fluid interaction in the center of the confined fluid. This suggests that the motion of molecules in the confined fluid for strong wall-fluid interaction is strongly correlated, and this can significantly slow the dynamics.
We have seen that the effective density of the confined fluid for narrower wall-spacing is significantly higher than the bulk, by 11%. The relaxation process for the narrower spacing would then be much slower. This is consistent with the observed experimental trend that shear stress increases as the wall-spacing is decreased. Therefore, the increase of the effective density under similar pressure conditions should thus be at least partially responsible for the experimentally observed dynamical slowing down and solid-like behavior.
We have not observed solidification in this study. By the existence of molecular rotation and diffusion, the system we simulated here still shows behavior expected for a fluid-like system, at least in the directions parallel to the wall surfaces. This apparent discrepancy with experiment suggests more studies are needed. It is possible that to observe solidification phenomena in the confined system, a much larger system and much longer time scale are needed than the current computing capability can simulate. In addition, the cubic geometry in combination with the small size of the system may have a stringent constraint for the chain molecules to develop large scale translational and orientational order.
The simulation results suggest that there can be many important time scales in a confined system. Both static and dynamical properties are strongly anisotropic. The structural correlation in the direction normal to the wall-surfaces is accompanied by the dramatic slowing down of the dynamical relaxation. It appears that this slowing down is responsible for the continued increase of the viscosity as the shear rate decreases. The calculation of the shear viscosity at low shear rate is computationally expensive and further work is needed to determine the transition shear rate where the viscosity turns to Newtonian, so that connection can be made between the longest relaxation process and the transition point.
